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(57) ABSTRACT

A dual-mode, semi-active, laser-based and passive image-
based seeker for projectiles, missiles, and other ordnance that
persecute targets by detecting and tracking energy scattered
from targets. The disclosed embodiments use a single digital
imager having a single focal plane array sensor to sense data
in both the image-based and laser-based modes of operation.
A shuttering technique allows the relatively low frame-rate of
the digital imager to detect, decode and localize in the imag-
er’s field-of-view a known pulse repetition frequency (PRF)
from a known designator in the presence of ambient light and
other confusing target designators, each having a different
PRF.
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HARMONIC SHUTTERED SEEKER

REFERENCE TO CO-PENDING APPLICATIONS
FOR PATENT

The present Application for Patent is related to the follow-
ing co-pending U.S. Patent Applications:

“LASER-AIDED PASSIVE SEEKER” by Todd A. Ell,
having application Ser. No. 13/923,923, filed Jun. 21, 2013,
assigned to the assignee hereof, and expressly incorporated
by reference herein; and

“SEEKER HAVING SCANNING-SNAPSHOT FPA” by
Todd A. Ell, having application Ser. No. 13/924,028, filed
Jun. 21, 2013, assigned to the assignee hereof, and expressly
incorporated by reference herein.

FIELD OF DISCLOSURE

The subject matter disclosed herein relates in general to
guidance subsystems for projectiles, missiles and other ord-
nance. More specifically, the subject disclosure relates to the
target sensing components of guidance subsystems used to
allow ordnance to persecute targets by detecting and tracking
energy scattered from targets.

BACKGROUND

Seeker guided ordnances are weapons that can be launched
or dropped some distance away from a target, then guided to
the target, thus saving the delivery vehicle from having to
travel into enemy defenses. Seekers make measurements for
target detection and tracking by sensing various forms of
energy (e.g., sound, radio frequency, infrared, or visible
energy that targets emit or reflect). Seeker systems that detect
and process one type of energy are known generally as single-
mode seekers, and seeker systems that detect and process
multiples types of energy (e.g., radar combined with thermal)
are generally known as multi-mode seekers.

Seeker homing techniques can be classified in three gen-
eral groups: active, semi-active, and passive. In active seek-
ers, a target is illuminated and tracked by equipment on board
the ordnance itself. A semi-active seeker is one that selects
and chases a target by following energy from an external
source, separate from the ordnance, reflecting from the target.
This illuminating source can be ground-based, ship-borne, or
airborne. Semi-active and active seekers require the target to
be continuously illuminated until target impact. Passive seek-
ers use external, uncontrolled energy sources (e.g., solar light,
or target emitted heat or noise). Passive seekers have the
advantage of not giving the target warning that it is being
pursued, but they are more difficult to construct with reliable
performance. Because the semi-active seekers involve a sepa-
rate external source, this source can also be used to “desig-
nate” the correct target. The ordnance is said to then “acquire”
and “track” the designated target. Hence both active and
passive seekers require some other means to acquire the cor-
rect target.

In semi-active laser (SAL) seeker guidance systems, an
operator points a laser designator at the target, and the laser
radiation bounces off the target and is scattered in multiple
directions (this is known as “painting the target” or “laser
painting”). The ordnance is launched or dropped somewhere
near the target. When the ordnance is close enough for some
of the reflected laser energy from the target to reach the
ordnance’s field of view (FOV), a seeker system of the ord-
nance detects the laser energy, determines that the detected
laser energy has a predetermined pulse repetition frequency
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(PRF) from a designator assigned to control the particular
seeker system, determines the direction from which the
energy is being reflected, and uses the directional information
(and other data) to adjust the ordnance trajectory toward the
source of the reflected energy. While the ordnance is in the
area of the target, and the laser is kept aimed at the target, the
ordnance should be guided accurately to the target.

Multi-mode/multi-homing seekers generally have the
potential to increase the precision and accuracy of the seeker
system but often at the expense of increased cost and com-
plexity (more parts and processing resources), reduced reli-
ability (more parts means more chances for failure or mal-
function), and longer target acquisition times (complex
processing can take longer to execute). For example, combin-
ing the functionality of a laser-based seeker with an image-
based seeker could be done by simple, physical integration of
the two technologies; however, this would incur the cost of
both a focal plane array (FPA) and a single cell photo diode
with its associated diode electronics to shutter the FPA. Also,
implementing passive image-based seekers can be expensive
and difficult because they rely on complicated and resource
intensive automatic target tracking algorithms to distinguish
an image of'the target from background clutter under ambient
lighting.

Because seeker systems tend to be high-performance,
single-use items, there is continued demand to reduce the
complexity and cost of seeker systems, particularly multi-
mode/multi-homing seeker systems, while maintaining or
improving the seeker’s overall performance.

SUMMARY

The disclosed embodiments include a method of detecting
and decoding pulses having a predetermined PRF, the steps
comprising: dividing a pulse interval of the predetermined
PRF into a plurality of repeating subintervals; shuttering
alternating ones of said plurality of repeating subintervals
with an exposure; determining whether two or more received
pulses are received in one of said subintervals by said shut-
tering step; and identifying said one of said subintervals of
said pulse interval, thereby detecting and decoding said
received pulses of said one of said subintervals as having the
predetermined PRF.

The disclosed embodiments further include an imager for
detecting and decoding pulses having a predetermined PRF,
the imager comprising: means for dividing a pulse interval of
the predetermined PRF into a plurality of subintervals; means
for shuttering alternating ones of said plurality of subintervals
with an exposure; means for determining whether two or
more received pulses are received in one of said subintervals;
and means for identifying said one of said subintervals within
said pulse interval, thereby detecting and decoding said
received pulses of said one of said subintervals as having the
predetermined PRF.

The disclosed embodiments further include an imager for
detecting and decoding image data and laser data having a
predetermined PRF, the imager comprising: a focal plane
array; and a configuration that controls said focal plane array
to decode the image data and the laser; said configuration
comprising: dividing a pulse interval of the predetermined
PRF into a plurality of subintervals; shuttering alternating
ones of said plurality of subintervals with an exposure; deter-
mining whether two or more received pulses are received in
one of said subintervals; and identifying said one of said
subintervals of said pulse interval, thereby detecting and
decoding said received pulses of said one of said subintervals
as having the predetermined PRF.
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The disclosed embodiments further include an imager for
detecting and decoding image data and laser data having a
predetermined PRF, the imager comprising: a focal plane
array; and mean for controlling said focal plane array to
decode the image data and the laser data comprising: means
for dividing a pulse interval of the predetermined PRF into a
plurality of subintervals; means for shuttering alternating
ones of said plurality of subintervals with an exposure; means
for determining whether received pulses are received in one
of said subintervals more than once; and means for identify-
ing said one of said subintervals of said pulse interval.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are presented to aid in the
description of embodiments of the invention and are provided
solely for illustration of the embodiments and not limitation
thereof.

FIG. 1 is a schematic illustration of a precision guided
projectile engaging a target;

FIG. 2 is a high level block diagram showing additional
details of a seeker system of the disclosed embodiments,
wherein only an FPA is used as the active sensor to achieve
both the active laser-based and the passive image-based
modes of operation;

FIG. 3 is a high level flow diagram illustrating a harmonic
shuttering methodology of the disclosed embodiments;

FIG. 4 is a conceptual process flow diagram illustrating a
more detailed implementation of the harmonic shuttering
methodology of the disclosed embodiments;

FIG. 5 illustrates an example of the harmonic binning
methodology of the disclosed embodiments;

FIG. 6 is a graph illustrating an example of how the first
eleven pulses can be plotted for a harmonic binning method-
ology of the disclosed embodiments;

FIG. 7 shows for each binning cycle of FIG. 6, which bin
contains the actual laser pulse (marked with a dot) and which
bin contains the predicted laser pulse (marked with a circle) as
determined by the Image Classifier; and

FIG. 8 illustrates a layout for a confusion matrix showing
the number of true positive (TP), false positive (FP), false
negative (FN), and true negative (TN) counts of an entire
video for the examples shown in FIGS. 6 and 7.

In the accompanying figures and following detailed
description of the disclosed embodiments, the various ele-
ments illustrated in the figures are provided with three-digit
reference numbers. The leftmost digit of each reference num-
ber corresponds to the figure in which its element is first
illustrated.

DETAILED DESCRIPTION

Aspects of the invention are disclosed in the following
description and related drawings directed to specific embodi-
ments of the invention. Alternate embodiments may be
devised without departing from the scope of the invention.
Additionally, well-known elements of the invention will not
be described in detail or will be omitted so as not to obscure
the relevant details of the invention.

The word “exemplary” is used herein to mean “serving as
an example, instance, or illustration” Any embodiment
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other embodiments.
Likewise, the term “embodiments of the invention” does not
require that all embodiments of the invention include the
discussed feature, advantage or mode of operation.
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4

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of embodiments of the invention. As used herein, the
singular forms “a”, “an” and “the” are intended to include the
plural forms as well, unless the context clearly indicates oth-
erwise. It will be further understood that the terms “com-
prises”, “comprising,”, “includes” and/or “including”, when
used herein, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof.

Further, many embodiments are described in terms of
sequences of actions to be performed by, for example, ele-
ments of a computing device. It will be recognized that vari-
ous actions described herein can be performed by specific
circuits (e.g., application specific integrated circuits
(ASICs)), by program instructions being executed by one or
more processors, or by a combination of both. Additionally,
the sequence of actions described herein can be considered to
be embodied entirely within any form of computer readable
storage medium having stored therein a corresponding set of
computer instructions that upon execution would cause an
associated processor to perform the functionality described
herein. Thus, the various aspects of the invention may be
embodied in a number of different forms, all of which have
been contemplated to be within the scope of the claimed
subject matter. In addition, for each of the embodiments
described herein, the corresponding form of any such
embodiments may be described herein as, for example, “logic
configured to” perform the described action.

FIG. 1is a schematic diagram of a seeker guided ordnance
system 100 capable of utilizing the disclosed embodiments.
As shown in FIG. 1, a seeker guided ordnance (shown as a
projectile 102) may engage a target 112 by using a seeker
system 104 of the ordnance/projectile 102 to detect and fol-
low energy 106, 107 that has been reflected from the target
112 into the sensor system’s FOV. The sensor system’s FOV
is generally illustrated in FIG. 1 as the area between direc-
tional arrows 126, 128. The reflected energy may be laser
energy 106 or some other energy 107 (e.g. ambient light for
deriving an image). The seeker system 104 may be equipped
with sufficient sensors and other electro-optical components
to detect energy in various portions of the electromagnetic
spectrum, including the visible, infrared (IR ), microwave and
millimeter wave (MMW) portions of the spectrum. The
seeker system 104 may incorporate one or more sensors that
operate in more than one portion of the spectrum. Single-
mode implementations of the seeker system 104 utilize only
one form of energy to detect, locate and localize the target
112. Multi-mode implementations of the seeker system 104
utilize more than one form of energy to detect, locate and
localize the target 112. In the present disclosure, the term
“detect,” when used in connection with reflected laser energy,
generally refers to sensing energy from an unknown target.
The term “decode” refers to verifying that a PRF of the
detected laser energy matches the pre-determined, expected
PRF of the projectile/designator pair. The term “lock™ refers
to time synchronization of the pulse occurrence with a seeker
clock. To “lock-on” signifies that a tracking or target-seeking
system is continuously and automatically tracking a target in
one or more coordinates (e.g., pulse time, range, bearing,
elevation). The term “localize” refers to resolving where the
detected, decoded laser energy occurs in the sensor system’s
FOV (126, 128).

Continuing with FIG. 1, the target 112 is illustrated as a
military tank but may be virtually any object capable of
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reflecting energy, including for example another type of land
vehicle, a boat or a building. For laser-based implementa-
tions, the target 112 may be illuminated with laser energy 108
from a laser designator 110. The laser designator 110 may be
located on the ground, as shown in FIG. 1, or may be located
in a vehicle, ship, boat, or aircraft. For some applications (not
shown), the laser designator 110 could be located on the
projectile itself. The designator 110 transmits laser energy
108 having a certain power level, typically measured in milli-
joules per pulse, and a certain PRF, typically measured in
hertz. Each designator 110 and projectile 102 set is provided
with the same, unique PRF code. For laser-based implemen-
tations, the seeker system 104 must identify from among the
various types of detected energy reflected laser energy 106
having the unique PRF assigned to the projectile 102 and
designator 110 pair. Laser-based secker systems are generally
referred to as “(semi-)active” imaging seekers because they
require that a target is actively illuminated with laser energy
in order to detect, decode and localize the target. Passive
image-based seeker systems are known as “passive” because
they track targets using uncontrolled reflected energy from
the target (e.g., solar energy) and require relatively compli-
cated and potentially costly automatic target tracking algo-
rithms and processing resources to distinguish an image of
the target from background clutter. Thus, the seeker system
104, which may be equipped with multi-mode, multi-homing
(active and/or passive) functionality, uses information (e.g.,
PRF, an angle of reflection, images) derived from the reflected
energy 106, 107, along with other information (e.g., GPS
coordinates), to identify the location of the target 112 and
steer the projectile 102 to the target 112.

Important performance parameters for secker systems
include how quickly, reliably and efficiently the seeker sys-
tem detects, decodes and localizes the energy it receives in its
FOV. As previously described, one way to improve the detec-
tion, decoding and localization of a seeker system is to pro-
vide the seeker system with the capability of processing more
than one type of energy (e.g., radar, laser and/or imaging) to
identify a target. A seeker system capable of processing more
than one type of energy for target acquisition is known gen-
erally as a multi-mode seeker. A secker system capable of
operating in more than one type of homing mode (active/
semi-active/passive) is known as a multi-homing seeker.
Multi-mode/multi-homing seeker systems have the advan-
tage of being robust and reliable and may be operated over a
range of environments and conditions. However, combining
more than one target acquisition mode into a single seeker
typically adds redundancy. For example, conventional multi-
mode implementations require two disparate sensor systems,
with each sensor system having its own antenna and/or lens,
along with separate processing paths. This increases the num-
ber of parts, thereby increasing cost. Cost control is critical
for single-use weapons that may sit on a shelf for 10 years
then be used one time. More parts also increase the probabil-
ity of a part malfunctioning or not performing the way it is
expected to perform.

Accordingly, the present disclosure recognizes that multi-
tasking components/functionality of a multi-mode/multi-
homing seeker so one component (e.g., sensor, lens) can
operate in both modes has the potential to control costs and
improve reliability and performance. For example, the FPA of
a seeker system converts reflected energy in the seeker’s FOV
into electrical signals that can then be read out, processed
and/or stored. Using only a single, conventional FPA as the
primary optical component for more than one mode/homing
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technique would potentially reduce the complexity and cost,
and improve the reliability of multi-mode/multi-homing
seeker systems.

The design challenges of using only the FPA output to
detect, decode and localize the laser spot in a seeker’s FOV
include challenges associated with the digital imager, the
exposure gap, avoiding ambient confusion and avoiding des-
ignator confusion. Conventional digital imagers, as previ-
ously described, are inherently sampled data, integrate-and-
dump systems. The imager accumulates or integrates all of
the received energy across the entire expose time, effectively
low-pass filtering the signals, blending multiple pulses arriv-
ing at different times into a single image. Given that two or
more designators can be active in the same target area, the
sample time resolution of conventional digital imagers is
typically insufficient to reconstruct all the incoming pulses.
This typically requires expensive and complicated systems to
compensate for a higher likelihood of not detecting, decoding
or localizing a received pulse when the received pulse actu-
ally matches the seeker’s pre-loaded PRF. Using an integra-
tion process precludes the use of a camera having a relatively
long exposure time because a long exposure time would
increase the likelihood of capturing several pulses when the
imager opens the shutter. Imager exposure gaps, or exposure
windows, typically span the pulse repetition interval of the
predetermined PRF so cannot distinguish constant light
sources from designator pulses. Accordingly, sub-interval
exposure windows cannot be made to cover 100% of a pulse
interval due to a minimum time to complete a frame, capture
and initialize the imager for the next frame. In other words,
the dead-time (also known as the “dark time” of the imager)
between exposure windows (measured in microseconds) is
wider than typical designator pulse widths (measured in
10-100 nanoseconds). Background clutter levels may poten-
tially be reduced by decreasing the exposure time, but this
increases the probability that a laser pulses will be missed
altogether. Ambient confusion occurs when the imager has
difficulty distinguishing between ambient light features and
designator energy. Reflected energy is proportional to the
angle of reflection of the target, i.e., acute angles between
light source and imager yield higher reflected energy, and
obtuse angles yield lower reflected energy. Also, solar glint or
specular reflection off background clutter is a difficult prob-
lem with respect to relative energy. For example, a top-down
attack with the sun “over the shoulder” of the weapon, and a
ground-based designator with an almost 90 degree reflection
angle is the worst geometry for engagement/designation with
respect to received laser energy. So a clear day at noon time is
the most challenging. Finally, so that multiple designators can
operate simultaneously in the same target area, a single FPA
design should reliably distinguish its assigned designator
from other, “confuser” designators operating simultaneously
in the same target area.

Turning now to an overview of the disclosed embodiments,
the present disclosure describes a harmonic shuttering meth-
odology that improves the speed, accuracy, reliability and
cost-effectiveness of detect, decode and localize functionality
of'a seeker system. The disclosed harmonic shuttering meth-
odology may be implemented in a multi-mode, multi-homing
seeker system. The disclosed harmonic shuttering methodol-
ogy resolves PRF acquisition times quickly (e.g., within two
pulse intervals) and accurately to ensure that pulses are not
missed in the dark time of a shutter cycle. In summary, the
harmonic shutter methodology determines the pulse interval
of'the PRF of the projectile/designator pair, divides the pulse
interval into an odd number of subintervals (each preferably
of equal length), continuously shutters every other interval
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with an exposure, then looks for a subinterval in which a pulse
is detected repeatedly. A pulse that comes through with the
PRF of the projectile/designator pair will be seen in the same
subinterval every time as the seeker system is continuously
shuttered on an odd multiple of the predetermined PRF. The
length of the subintervals may be made short enough to dis-
tinguish different PRF’s from designators operating at PRF’s
that might in fact be close in frequency to one another. Also,
once the methodology has identified that the assigned/prede-
termined PRF is in a particular subinterval, for example sub-
interval 10, there should be no pulses identified in the other
subintervals. The methodology can then shutter on different
subintervals to make sure that a pulse is not identified in the
other subintervals, which reconfirms that the right PRF pulse
has been detected in subinterval 10.

With reference now to the accompanying illustrations,
FIG. 2 is a block diagram illustrating a seeker system 104q of
the disclosed embodiments. Seeker system 1044 corresponds
to the seeker system 104 shown in FIG. 1, but shows addi-
tional details of how the seeker system 104 may be modified
to provide a single imager 214, which is preferably a short-
wave infrared (SWIR) imager or its equivalent, that is capable
of capturing both laser and image data through a single FPA
of'the imager. In accordance with the disclosed embodiments,
the single imager 214 includes an FPA 217 that is configured
and arranged to be sensitive to the typical wavelengths of
laser target designators. As such, imager 214 can detect the
laser radiation reflected from a target. The disclosed embodi-
ments provide means for synchronizing the imager’s shutter
or exposure time with the reflected laser pulse to ensure the
laser pulse is captured in the image. In contrast, a conven-
tional imager is not sensitive to laser light and requires a
separate sensor to capture laser light and integrate it with an
image. The above-described reflected laser energy captured
by an imager is referred to herein as “semi-active laser”
(SAL) energy, and the captured images containing the laser
spot are referred to herein “semi-active images” (SAI). There-
fore, the frame rate of the imager 214 may be configured to
match the pulse repetition interval (PRI) of the laser designa-
tor 110 (shown in FIG. 1) (i.e., the frame rate=1/PRI).

Thus, the seeker system 104a of FIG. 2 is capable of
providing multi-mode/multi-homing functionality and
includes a seeker dome 212, an imager 214, a navigation
system 222 and a steering system 224. The seeker dome 212
includes a FOV identified by the area between arrows 126,
128. Reflected laser energy 106 and other energy 107 (e.g.,
ambient light or image energy) within the FOV 126,128 may
be captured by the seeker system 104a. The imager 214
includes an optical system 216 having a lens system 215, a
readout integrated circuit (ROIC) 220 and control electronics
218. The imager 214 includes a detector that is preferably
implemented as the single FPA 217. The imager components
(217, 218 and 220), along with the optical components (215,
216), are configured and arranged as described above to focus
and capture incoming energy (e.g., reflected laser energy 106
and/or ambient light energy 107). The FPA 217 and ROIC 220
convert incoming laser or ambient light energy 106, 107 to
electrical signals that can then be read out and processed
and/or stored. The control electronics stage 218 provides
overall control for the various operations performed by the
FPA 217 and the ROIC 220 in accordance with the disclosed
embodiments. The imager 214 generates signals indicative of
the energy 106, 107 received within the imager’s FOV (126,
128), including signals indicative of the energy’s PRF and the
direction from which the pulse came. The navigation system
222 and steering system 224 utilize data from the imager 214,
along with other data such as GPS, telemetry, etc., to deter-
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mine and implement the appropriate adjustment to the flight
path of the projectile 102 to guide the projectile 102 to the
target 112 (shown in FIG. 1). Although illustrated as separate
functional elements, it will be understood by persons of ordi-
nary skill in the relevant art that the various electro-optical
components shown in FIG. 2 may be arranged in different
combinations and implemented as hardware, software, firm-
ware, or a combination thereof without departing from the
scope of the disclosed embodiments.

FIG. 3 is a high level flow diagram illustrating a harmonic
shuttering methodology 330 of the disclosed embodiment.
The term “harmonic shuttering” refers to the fact that the
methodology captures energy at an odd harmonic multiple of
the PRF assigned to a particular seeker/designator pair. The
methodology 330 starts at step 332 and finishes at step 354.
However, the methodology 330 is cyclical in nature and all or
portions of the methodology 330 may be repeated and/or run
in parallel as needed to detect and decode a predetermined
PRF. As shown in FIG. 3, methodology 330 associates a
predetermined PRF with a particular designator. The pulse
interval is the elapsed time from the beginning of one pulse to
the beginning of the next pulse. Step 336 identifies a pulse
interval of the predetermined PRF, and step 338 divides the
pulse interval into a preferred odd number of subintervals that
are ideally of equal length durations. Step 340 continuously
shutters every other subinterval with an exposure. Decision
block 342 monitors step 340 and evaluates whether a pulse is
repeatedly detected in a particular subinterval. If the result of
the inquiry at decision block 342 is no, the methodology 330
continues with step 340 and continuously shutters every other
subinterval with an exposure. If the result of the inquiry at
decision block 342 is yes, the methodology 332 moves to step
344 and identifies the particular subinterval/phase within the
pulse interval. Step 346 then focuses the shuttering activity on
the identified subinterval. A PRF lock exists once one and
only one subinterval is identified. Decision block 348 and
step 350 may be optionally included to ensure that the prede-
termined PRF has been accurately identified in a particular
subinterval by confirming that the predetermined PRF is not
seen in the other subintervals. Accordingly, decision block
348 evaluates whether a pulse is detected in other subinter-
vals. If the result of the inquiry at decision block 348 is yes,
the methodology 330 captures error data at step 350 and
returns to step 340 and continuously shutters every other
subinterval with an exposure. If the result of the inquiry at
decision block 348 is no, the methodology 332 moves to step
352 and captures the pulse of the identified subinterval. The
methodology 330 finishes at step 354.

FIGS. 4-8 illustrate how the harmonic shuttering method-
ology 330 of FIG. 3 may be utilized to implement a cost-
effective, accurate and reliable multi-mode/multi-homing
mode seeker system having a laser mode and an imaging
mode. FIG. 4 is a more detailed example of a multi-mode/
multi-homing implementation of a harmonic shuttering
methodology 330a of the disclosed embodiments, and FIG. 5
shows the details of a harmonic binning methodology 4584 of
the multi-homing mode harmonic shuttering methodology
330aq. FIG. 4 is an overall conceptual process flow from raw
images to target bearing angles, including various design
guide metrics and various design options for implementing
the multi-mode/multi-homing mode harmonic shuttering
methodology 330a. The raw images are captured at an odd
multiple of the predetermined PRF of the seeker/designator
pair. For each “lased” image, the target bearing angles are
determined from the location of the laser spot within the
imager’s FOV. FIG. 6 is a graph illustrating an example of
how the first eleven binning cycles can be plotted for the
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multi-mode/multi-homing harmonic binning methodology
458a of FIG. 5. FIG. 7 shows for each binning cycle of FIG.
6, which bin contains the actual laser pulse (marked with a
dot) and which bin contains the predicted laser pulse (marked
with a circle). FIG. 8 illustrates a layout for a confusion
matrix showing the number of true positive (TP), false posi-
tive (FP), false negative (FN), and true negative (TN) counts
of an entire video for the examples shown in FIGS. 6 and 7.

Referring now to FIG. 4, the harmonic methodology 330a
includes raw image inputs, image pre-filtering 452, an image
metric stage 454, a detection signal 456, a harmonic binning
stage 458, a classifier signal 460, an image classifier stage
462, a laser image 464, a spatial localization stage 466 and
target angles, arranged and configured as shown. The image
pre-filter 452 receives raw image inputs and uses image fil-
tering techniques to enhance the appearance of the laser des-
ignator spot and reduce background clutter. Its goal is to
improve the signal-to-noise ratio. Here, the “signal” is the
laser spot and “noise” includes background clutter as well as
imager noise. Ideally algorithms to implement the image
pre-filter 452 should be kept to a minimum to reduce compu-
tational loading. Due to weapon ego-motion it is also desir-
able to delay any localized or spatial-based processing, oth-
erwise image-to-image target feature tracking algorithms
may be required, which could increase computational
expense.

Continuing with FIG. 4, an image metric 454, using no a
priori knowledge of the laser-spot location, creates a detec-
tion signal 456 by reducing the entire image to a signal which
correlates with the presence of a lased image. Options to
reduce the image to a detection signal will be discussed later
in this disclosure. The detection signal 456 can be referred to
as the “metric” of the image. Ideally the information content
of each input image of the image metric stage 454 will be
reduced to a single value. It is, however, possible to break the
image into non-overlapping sub-regions in order to tile the
entire field-of-view, thereby reducing each region to a sepa-
rate metric. However, this approach may require separate
harmonic binning stages 458 for each sub-region, and the
subsequent image classifier stage 460 will become more com-
plicated as it then needs to merge the sub-regions for the best
candidate.

The harmonic binning stage 458 shown in FIG. 4 will now
be described with reference to FIG. 4 and the specific
examples illustrated in FIGS. 5 and 6. It should be empha-
sized, however, that the specific examples herein are dis-
closed to convey the basic ideas of the disclosed embodiments
but not to limit the independent parameters in the design. For
example, setting the duty cycle at 1:1 in the disclosed
examples is a design choice. The disclosed embodiments may
be provided with 1:N duty-cycle, but the design choice of a
duty cycle other than 1:1 it would result in imager 214 (shown
in FIG. 2) taking more pulses to acquire a lock than the design
choice of a 1:1 duty cycle. Likewise, the harmonic number
(i.e., number of sub-intervals) can be adjusted to vary the
exposure times. Decreasing exposure time (i.e., raising the
harmonic used) allows for fainter laser energy to be separated
out of background light, but raises the required frame rate of
the imager and subsequent amount of data to be processed.
Thus, the 7th harmonic of the disclosed examples may or may
not be used in practice but is utilized in this disclosure to
convey the basic idea. In practice, the chosen harmonic would
more typically be in the 43th to 93rd harmonic range. In the
disclosed example, the harmonic binning stage 458 creates
seven bins per cycle and sequentially places detection signals
into each bin. There are seven bins due to the example video
being captured at the 7th harmonic. Because the seeker has
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received beforehand the pulse repetition interval (PRI=1/
PRF) of the laser designator, the only missing information
necessary to capture an active laser pulse in the image is
locking onto the subinterval (a.k.a., phase) that has the laser
pulse present. In the example shown in FIG. 5, the known
pulse repetition interval is divided into sevenths (i.e., using
the 7th harmonic of the laser PRF). The laser pulse will
randomly fall into one of these sub-intervals. The laser pulse
is repeatedly captured in every fifth exposure of the shuttering
sequence. By arranging the exposure sequence into bins, and
reducing the filtered image of each exposure to a single detec-
tion signal (placed in their respective bins), then the bin with
the highest persistent detection value will correspond to the
exposure subinterval with the active laser spot. In this
example the imager duty-cycle is 1:1, i.e., the exposure time
is equal to the dark time.

The harmonic binning stage 458 is further illustrated by the
graphs shown in FIG. 6, which show an example of the first 11
binning cycles. The bins are sorted in frame order because the
video data was gathered with a 1:1 duty cycle. Because the
lased images correspond to the highest detection signal val-
ues, it can be seen that the second frame of each cycle contains
the laser pulse.

Referring again to FIG. 4, the image classifier stage 462,
for each bin cycle, finds the bin with the maximum detection
signal 456 and declares that bin’s image to be the lased image.
All other bin images are declared to be non-lased images. The
image classifier stage 462 monitors the harmonic binning
stage 458 and makes the final prediction of which image in
each cycle of images (if any) contains the laser designator
spot, thus determining lock. FIG. 7 is a plot showing, for each
cycle, which bin contains the actual laser pulse (marked with
a dot) and which bin contains the predicted laser pulse
(marked with a circle). The text to the right of the plot in FIG.
7 lists the so-called “confusion” matrix values for this test,
and FIG. 8 is an example matrix showing how the confusion
values may be displayed. The confusion matrix values
include the number of true positive (TP), false positive (FP),
false negative (FN), and true negative (TN) counts of the
entire video. The term “matrix” arises because this data is
usually presented in tabular form as shown in FIG. 8.

Thus, referring again to FIG. 4, the detect decode, and lock
stages (452, 454, 458 and 462) form a binary classifier signal
460 that identifies all raw input images as either an actively
designated image or not. Those images which it determines
contain an active laser spot are passed onto the spatial local-
ization stage 466 as “laser” images 464. The spatial localiza-
tion stage 464 translates the row and column index of the
center of the laser spot into vertical and horizontal target
bearing angles 468, respectively. Additional image process-
ing may be applied to more specifically locate the laser spot
within the field-of-view.

FIG. 4 also lists various design guide metrics that may be
considered in connection with implementing the disclosed
embodiments. These include, for example, considerations of
the inter-frame peak signal to noise ratio (PSNR), detection-
signal PSNR and the Matthews Correlation Coefficient
(MCC). To quantify the difficulty of extracting the laser spot
signal from the background noise, the inter-frame PSNR may
beused. The inter-frame PSNR is the peak energy of the pulse
divided by the mean energy of the background for a single
image.

The MCC normalizes so-called “proportion of prediction”
issues for the confusion values of FIGS. 7 and 8. The MCC is
a value between -1 and +1. A coefficient value of +1 repre-
sents a perfect prediction, O represents no better than random
guesses, and +1 indicates perfectly wrong prediction (i.e.,
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total disagreement between observation and prediction). FIG.
7 shows an MCC value of +1 in the upper right-hand corner of
the plot for the disclosed examples. The MCC can be com-
puted directly from the confusion matrix elements according
the following equation,

(TPXTN) — (FPXFN)

MCC =
V(TP + FP)(TP+ FN)(IN + FP)(IN + FN)

FIG. 4 further lists examples of design goals for each stage,
along with a list of options for each stage. Not all options are
mutually exclusive. There are multiple design options for
each stage in any candidate algorithm to implement the har-
monic shuttering methodology of the disclosed embodi-
ments. These options are driven by the goals of each stage in
the process. Thus, for example, dead-zone clipping can be
included with temporal, positive edge detection in the image
pre-filter stage 452. Within each stage (452, 454, 458, 462),
the options are sorted in order of expected computational
loading, starting with items of expected lower processing
loads and proceeding to items of expected higher processing
loads. The design options listed in FIG. 4 are not exhaustive.
The following paragraphs describe each design option in
more detail.

Image pre-filter stage 452—the design goal of this stage is
to enhance laser pulse signals and suppress background clut-
ter & noise signals. Design options include but are not limited
to (a) dead-zone clipping of image pixel values (i.e., zero any
pixel value below a given threshold); (b) temporal, positive
edge detection filter subtracts previous frame from current
frame and zeros all negative differences; (c) spatial edge-
detection filter applies a sobel or prewitt edge detector to
remove regions within image which are uniformly illumi-
nated; this can be done row-wise, column-wise or as a stan-
dard 2D spatial filter; (d) spatial & temporal, positive edge
detection filter combines the previous two filters into a single
operation, and because the temporal edge detection includes
zeroing negative edge values, it is a non-linear function and
therefore the order (spatial-temporal vs. temporal-spatial) is
important, with each order giving different outputs; and (e)
morphological filter looks for elliptical or circular spots, not
long linear or sharp-cornered features, and literally counts the
circular spots found.

Image metric stage 454—the design goal of this stage is to
create a scaled detection signal that correlates with the pres-
ence of a lased image and yet minimizes image processing.
Design options include but are not limited to (a) a marginal
image reduction operation that reduces the image in one
dimension; for example, each row of the image may be
summed into single values so that one is left with a column of
row-sums, whereby the new column vector can be marginally
reduced to a single scalar, and one can compute marginal
vectors as a sum, variance, or maximum across either rows,
columns, or diagonals; this marginal vector can be reduced
using a sum, variance, or maximum to obtain the scalar detec-
tion signal; (b) global image reduction reduces the entire
image in one pass as a sum, variance or maximum of all pixels
in the image to scalar signal; (c) dead-zone clipping of detec-
tion signal—if the proper threshold can be determined adap-
tively, then the noise in the PSNR can be reduced.

Harmonic binning stage 458—the design goal of this stage
is to create a cross-bin peak value which correlates with lased
bin and low side-lobe values (relative to peak) in non-lased
bins. Design options include but are not limited to (a) cross-
bin normalize/rank detection signals; because ultimately the
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detection signals within a pulse interval will be compared
against each other and not compared to the previous binning
cycles, the detection signals within each binning cycle can be
scaled relative to each other, thereby allowing box-car aver-
aging (described in the next design option) to properly weigh
each binning-cycle without a momentarily bright image
skewing the average; (b) box-car averaging filters, bin-
wise—create a classifier input signal that averages the bin
history; because confuser laser designators and momentary
flashes in the seekers FOV do not typically persist in the same
bin, this allows the image classifier stage 462 to ignore these
events; (c) fading filters for bins—this is similar to the box-car
average design option except the more recent history is given
a higher weight, thereby allowing the system to more quickly
respond to bin-to-bin drift of the laser pulse.

Image classifier stage 462—the design goal of this stage is
to acquire and maintain lock on the correct bin (i.e., subinter-
val frame) and follow bin-to-bin drift. Design options include
but are not limited to (a) hard bin-cycle classification, which
assumes one bin will always contain a predetermined laser-
pulse and others will not; (b) soft bin-cycle classification
allows for delayed classification decision, i.e. it allows an “I
don’t know” option as well as yes/no decisions, thereby pro-
viding a failsafe in the event that no laser designator is in
operation; one mechanism for this kind of logic would be to
monitor the peak to side-lobe (PSL) ratio of the bins, and,
when the PSL reaches a predetermined lock threshold, the
classification decision can be made; until that time, the “I
don’t know” option holds; and (c¢) implementing bin-to-bin
relay logic could limit the “bin of choice” from chattering
between two bins with relatively equal detection signals.

Accordingly, it can be seen from the foregoing disclosure
and the accompanying illustrations that one or more embodi-
ments may provide some advantages. For example, the dis-
closed harmonic shuttering methodology addresses the speed
and accuracy of pulse acquisition of a seeker system by sig-
nificantly improving the likelihood that the seeker’s prede-
termined PRF will be detected and not missed, and further
increases the likelihood that the seeker’s PRF can be detected
and locked within no more than two pulse intervals using a
only a 50:50 duty cycle. Using the disclosed embodiments,
performance improvements are achieved but not at the cost of
increased cost and complexity. On the contrary, the harmonic
shuttering methodology of the disclosed embodiments poten-
tially decreases cost by allowing relatively simple and rela-
tively low cost components (e.g., a single conventional FPA
of'a low frame-rate, SWIR camera).

Those of skill in the relevant arts will appreciate that infor-
mation and signals may be represented using any of a variety
of different technologies and techniques. For example, data,
instructions, commands, information, signals, bits, symbols,
and chips that may be referenced throughout the above
description may be represented by voltages, currents, elec-
tromagnetic waves, magnetic fields or particles, optical fields
or particles, or any combination thereof.

Those of skill in the relevant arts will also appreciate that
the various illustrative logical blocks, modules, circuits, and
algorithm steps described in connection with the embodi-
ments disclosed herein may be implemented as electronic
hardware, computer software, or combinations of both. To
clearly illustrate this interchangeability of hardware and soft-
ware, various illustrative components, blocks, modules, cir-
cuits, and steps have been described above generally in terms
of their functionality. Whether such functionality is imple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. Skilled artisans may implement the described func-
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tionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the disclosed embodi-
ments.

Finally, the methods, sequences and/or algorithms
described in connection with the embodiments disclosed
herein may be embodied directly in hardware, i.e., ROIC or
Controller, in a software module executed by a processor, or
in a combination of the two. A software module may reside in
RAM memory, flash memory, ROM memory, EPROM
memory, EEPROM memory, registers, hard disk, a remov-
able disk, a CD-ROM, or any other form of storage medium
known in the art. An exemplary storage medium is coupled to
the processor such that the processor can read information
from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the pro-
cessor or ROIC. Accordingly, the disclosed embodiments can
include a computer readable media embodying a method for
performing the disclosed and claimed embodiments. Accord-
ingly, the invention is not limited to illustrated examples and
any means for performing the functionality described herein
are included in the disclosed embodiments. Furthermore,
although elements of the disclosed embodiments may be
described or claimed in the singular, the plural is contem-
plated unless limitation to the singular is explicitly stated.
Additionally, while various embodiments have been
described, it is to be understood that aspects of the embodi-
ments may include only some aspects of the described
embodiments. Accordingly, the disclosed embodiments are
not to be seen as limited by the foregoing description, but are
only limited by the scope of the appended claims.

What is claimed is:

1. A method of detecting and decoding locking pulses
having a predetermined PRF, the method comprising:

dividing, by a controller, a pulse interval of the predeter-

mined PRF into a plurality of repeating subintervals;
exposing, by an imager, alternating ones of said plurality of
repeating subintervals;

determining, by said controller, whether two or more

received pulses are received in one of said subintervals
by said exposing; and

identifying, by said controller, said one of said subintervals

of said pulse interval, thereby detecting and decoding
said received pulses of said one of said subintervals as
having the predetermined PRF.

2. The method of claim 1 further comprising:

adjusting said exposing to expose on said one of said sub-

intervals instead of said alternating ones of'said plurality
of repeating subintervals, thereby locking on to a PRF
pattern of said received pulses of said one of said sub-
intervals as having the predetermined PRF.

3. The method of claim 2 further comprising capturing, by
said imager, said received pulses of said one of said subinter-
vals.

4. The method of claim 3 further comprising using, by said
controller, said received pulses of said one of said subinter-
vals to derive control information that is used to steer an
ordnance to a target.

5. The method of claim 2 further comprising evaluating, by
said controller, others of said subintervals to determine if a
lack of pulses is present in said others of said subintervals.

6. The method of claim 5 further comprising not locking,
by said controller, said received pulses if a predetermined
number of said received pulses are present in said others of
said subintervals.
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7. The method of claim 1 wherein said plurality of sub-
intervals comprises an odd multiple of the predetermined
PRF.

8. The method of claim 7 wherein said subintervals com-
prise substantially equal lengths.

9. The method of claim 1 further comprising:

capturing, by said imager, an image and locating a laser

spot of said received pulse of said one of said subinter-
vals on said image.

10. The method of claim 9 further comprising using, by
said controller, said received pulse of said one of said sub-
intervals and said image to derive control information that is
used to steer an ordnance to a target.

11. An imager for detecting and decoding image data and
laser data having a predetermined PRF, the imager compris-
ing:

a focal plane array; and

the imager configured to:

control said focal plane array to decode the image data and

the laser data;

divide a pulse interval of the predetermined PRF into a

plurality of subintervals;

expose alternating ones of said plurality of subintervals;

determine whether two or more received pulses are

received in one of said subintervals; and

identify said one of said subintervals of said pulse interval,

thereby detecting and decoding said received pulses of
said one of said subintervals as having the predeter-
mined PRF.

12. The imager of claim 11 wherein the imager is further
configured to:

adjust said exposing to lock on said one of said subintervals

instead of exposing said alternating ones of said plural-
ity of subintervals, thereby locking on to a PRF of said
received pulses of said one of'said subintervals as having
the predetermined PRF.

13. The imager of claim 12 wherein the imager is further
configured to capture said received pulses of said one of said
subintervals.

14. The imager of claim 13 wherein the imager is further
configured to use said received pulses of said one of said
subintervals to derive control information that is used to steer
an ordnance to a target.

15. The imager of claim 12 wherein the imager is further
configured to evaluate others of said subintervals to deter-
mine whether said received a pulse is present in said others of
said subintervals.

16. The imager of claim 15 wherein the imager is further
configured to not capture said received pulses if a predeter-
mined number of said pulses are present in said others of said
subintervals.

17. The imager of claim 11 wherein said plurality of sub-
intervals comprises an odd multiple of the predetermined
PRF.

18. The imager of claim 17 wherein said subintervals com-
prise substantially equal lengths.

19. The imager of 11 wherein the imager is further config-
ured to locate a laser spot of said received pulses of said one
of said subintervals on said image.

20. The imager of claim 19 wherein the imager is further
configured to use said received pulses of said one of said
subintervals and said image to derive control information that
is used to steer an ordnance to a target.
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